We previously reported the identification of mZac, a novel mouse zinc finger protein that shared with p53 the ability to regulate concomitantly apoptosis and cell cycle progression. We describe here the isolation, chromosomal localization, and functional in vitro characterization of its human homolog. hZAC is a widely expressed zinc finger protein that reveals transactivation and DNA-binding activity. hZAC inhibits tumor cell growth through induction of apoptotic cell death and G 1 arrest. Thus hZAC, like its mouse counterpart, displays antiproliferative properties through pathways known to be central to the activity of p53. We mapped hZAC on chromosome 6q24-q25, a region frequently deleted in many solid tumors. Indeed, allelic loss at 6q24-q25 has been shown in breast and ovary cancers, melanomas, astrocytomas, and renal cell carcinomas. Furthermore, Abdollahi et al.
Cell proliferation is regulated through connected molecular pathways controlling cell division, differentiation, growth arrest, and apoptosis. A tight control of these events is necessary to the maintenance of homeostasis from development to senescence and involves multiple genes. Dysregulation of some of these genes can lead to pathological situations such as neurodegenerative disorders, immunodeficiency syndromes, and cancer (1) . Early studies on tumor development focused on oncogenes, the genes whose gain of function leads to enhanced cell growth. The inactivation of a tumor suppressor gene (TSG), in contrast, can contribute to the growth deregulation of a tumor cell. This TSG inactivation can occur through a loss of function mutation accompanied by a loss of heterozygosity (2, 3) , homozygous deletion (4, 5) , or epigenetic mechanisms (6, 7) . Many TSG have been identified, including genes such as RB, NF1, VHL, BRCA1, APC, p53, p16, the zinc finger (ZF) protein WT1, and many candidates (8) . Several lines of evidence suggest a TSG function to a candidate gene: involvement in familial predisposition to cancer, inactivation in human tumors, tumor formation in null-mutant mice, and functional properties compatible with a role in cell proliferation or development. So far, only a few of the candidates fulfilled all of these criteria, e.g., p53, RB, p16, and VHL, and have been entitled to a role as TSG.
We previously have reported the isolation of mZac, a novel mouse gene (9) . mZac encodes a protein with seven ZF of the C2H2 type that is only distantly related to previously isolated ZF proteins and that inhibits tumor cell proliferation in vitro and in vivo in nude mice. We showed that these antiproliferative properties ensued from the regulation of two pathways critical to the activity of p53, i.e., cell cycle progression and apoptosis (9, 10) . mZac was thus the first gene unrelated to p53 that regulates these two fundamental genetic programs. We hypothesized that mZac also could share with p53 its tumor suppressor activity and isolated the human homolog of mZac to investigate its putative TSG function.
We demonstrate here that hZAC is a widely expressed ZF protein that shows transactivation and DNA-binding activity. Furthermore, like its mouse counterpart and p53, hZAC inhibits tumor cell proliferation through the induction of both apoptosis and cell cycle arrest. Interestingly, hZAC is localized on the long arm of chromosome 6, a region that frequently is deleted in cancer and that is thus thought to harbor at least one TSG.
MATERIALS AND METHODS
Isolation of hZAC cDNA. Clones (1 ϫ 10 6 ) from a human pituitary gland cDNA library (CLONTECH) were screened with a random-primed probe corresponding to mZac fulllength cDNA by using standard procedures. Forty positive clones were subcloned into pBlueScript and sorted by sequencing. One 2.3-kb clone contained the full coding sequence of hZAC (1,389 bp). A partial hZAC clone also was isolated from a human brain cDNA library.
Sequence alignments and phylogenetic trees were performed by using LASERGENE software (DNAstar, Madison, WI).
Fluorescence in Situ Hybridization (FISH) Analysis. The 2.3-kb cDNA of hZAC, the 4.7-kb cDNA of mZac, and the 6-kb BglII fragment of mZac gene (unpublished observation) were used as probes, labeled by nick-translation with biotin-11-dUTP and hybridized to human and mouse chromosomes as previously described (11) . Detection of hybridization was performed by using goat antibiotin antibodies (Vector Laboratories) and rabbit fluorescein isothiocyanate-conjugated an-ti-goat antibodies (Biosys, Compiègne, France). Direct banding of 5-bromodeoxyuridine-substituted chromosomes (12) stained with propidium iodide for human chromosomes and 4Ј,6-diamidino-2-phenylindole for mouse chromosomes was obtained. Metaphases were observed under a fluorescent microscope (DMRB, Leica, Germany). Images were captured by using a cooled photometrics charged-coupled device camera and Quips-smart capture software (Vysis).
DNA and RNA Analysis. Human genomic DNA from peripheral blood lymphocytes (obtained from the Montpellier blood bank) and mouse genomic DNA from liver were prepared according to standard protocols. Southern blots of digested genomic DNAs first were hybridized with a mZac probe corresponding to mZac ZF and linker regions. After autoradiography, blots were stripped and reprobed with a hZAC probe corresponding to hZAC ZF and linker regions. hZAC mRNA distribution was determined by using a Human RNA Master Blot (CLONTECH) hybridized with a hZAC probe according to the manufacturer's instructions. Because poly(A) ϩ RNA samples (80-400 ng) have been normalized to the mRNA expression levels of eight different housekeeping genes, the relative expression levels of hZAC mRNA could be assessed.
DNA-Binding Site. The hZAC ZF region was amplified by PCR, and hemagglutinin (HA) epitope was tagged at the COOH terminus and cloned into pGEX-5X-3. Growth of transformed Escherichia coli cells and purification of glutathione S-transferase (GST)-hZAC-ZF were carried out as described (9) .
For random oligonucleotide selection, a 78-base DNA oligonucleotide containing a central region of 18 random bases was used (13) . Affinity selection of DNA sequences from this double-stranded oligonucleotide library was performed in the first round with the GST-fusion protein bound to glutathion beads followed by five sequential cycles of gel shift purification as described elsewhere (E.C. and A.H., unpublished work). After the final PCR, amplification products were cloned into pBluescript and sequenced. The sequence of the oligonucleotides studied in gel shifts was GTACTAAC-X-TTTAAT-CATC, where X is the decamer site to be tested.
Cell Culture and Transfection. The human osteosarcoma cell line SaOs-2 was grown and electroporated as previously described (9) .
Except for the GAL4 fusion proteins, all cDNAs were subcloned into the pRK5 vector (9), 5Ј untranslated regions were excised, and a HA epitope tag was added at the N terminus. Every construct was sequenced.
Western blots were performed on total cell lysates (20 g protein) by using anti-HA antibody (clone 12CA5, Boehringer Mannheim) and peroxydase-linked anti-mouse Ig (Amersham).
For immunocytochemistry, transfected cells were grown on glass coverslips, fixed, permeabilized, and incubated with the anti-HA antibody and then with an anti-mouse fluorescein isothiocyanate (Sigma).
For colony formation assay, we cotranfected pRK5-PUR containing the puromycin-resistance gene under the control of a cytomegalovirus promoter (0.2 g) with either mZac (1 g), hZAC (3.8 g), or p53 (1 g) in sense and antisense orientations into 2 million SaOs-2 cells. The cells from three transfections were pooled and split on different plates. After 9 days of puromycin treatment, the clones were MTT-stained and counted.
For transactivation experiments, the hZAC full-length coding sequence was fused to the GAL4 DNA-binding domain into pSG424 (14) . Different amounts of this expression vector were transfected together with the reporter plasmid pE1BTATALUC (0.5 g) (15). The cotransfected plasmid pCH110 encoding the ␤-galactosidase gene driven by the simian virus 40 promoter served to standardize luciferase values on transfection efficiency. DNA Laddering. Soluble DNA was prepared as previously described (16) and fractionated on a 1.2% agarose gel.
Flow Cytometry. SaOs-2 cells were transiently transfected with different amounts of plasmid encoding mZac, hZAC, or p53, together with pRK5-CD20 encoding the CD20 antigen that was used as a marker for selection of the transfected cells. Twenty-four hours later, propidium-iodide staining was performed as previously described (17) . Cell cycle distribution was determined with a FACScan f low cytometer (BecktonDickinson). Five-thousand events corresponding to the 5% CD20 most positive cells were analyzed by using MODFIT software (Verity Software House, Topsham, ME).
RESULTS
Isolation of hZAC. We isolated hZAC from human brain and pituitary cDNA libraries. The overall identity between hZAC and mZac coding sequences was 74.6% at the nucleotide level and 68.5% at the amino acid level. Several domains could be identified in hZAC, each having its counterpart in mZac ( Fig.  1A and B). The seven (C2H2)-type ZF domain at the N terminus was the most conserved (84.2% similarity at the amino acid level). The linker region, the Pro, Gln, and Glu-rich region and the C terminus ( Fig. 1B) were rather conserved (54%, 58%, and 63% identity, respectively). The last 11 C terminal residues were identical ( Fig. 1 A) . There were two major differences between the mouse and human sequences. Indeed, two regions of mZac were missing in hZAC: a 34 Pro-repeats (PLE, PMQ, or PML) domain and a Glu-clusters domain ( Fig. 1 A and B) . 18 ) indicated that hZAC sequence matched 62 human expressed sequence tags derived from various adult sources, including placenta, aorta, ovary, prostate, heart, as well as fetal tissues including heart, brain, cochlea, liver, and spleen. During the course of this study, a rat and a human sequences designated LOT1 (GenBank accession nos. U72620 and U72621) were reported (19, 20) and displayed significant homology to hZAC. Indeed, hZAC and hLOT1 were identical except one residue (Leu 81 in hZAC and rLot1 is a Phe in hLOT1). Surprisingly, the 5Ј-untranslated regions of hLOT1 and hZAC were completely different 189 nucleotides upstream of the ATG (not shown). One explanation for this discrepancy is that hZAC or hLOT1 5Ј ends could correspond to two different splice variants or either one could contain an unspliced intron. The second hypothesis was favored as a putative 3Ј splicing site (CACAG) was present 190 nucleotides 5Ј of the ATG in hLOT1. Furthermore, an intron is also present at that position in the mouse gene (unpublished data).
Because large domains of mZac were missing in hZAC, we evaluated the existence of additional genes closely related to mZac, which could contain these domains. We performed extensive PCR analysis of human genomic DNA with degenerate primers, corresponding to residues conserved between hZAC and mZac in the ZF domain and the Pro-and Gln-rich region (not shown). We isolated only two classes of PCR fragments different from ZAC but suggestive of closely related genes. During the course of this study, sequences of the corresponding cDNAs became available in the UniGene database. One class of PCR fragments corresponded to hPLAG1, an embryonic gene that could be involved in the pathogenesis of pleiomorphic adenomas (21, 22) . The second class of PCR fragments corresponded to KIAA0198, a cDNA cloned from the human cell line KG-1, whose function is still unknown (23) . Multiple sequence alignment revealed that these cDNAs are members of the same family of ZF proteins (Fig. 1C) .
Chromosomal Localizations and Southern Blots of Genomic DNAs. As mZac and hZAC primary structures were for some part divergent, we attempted to show that these cDNAs were nonetheless derived from orthologous genes.
We first performed chromosomal localization of both genes by FISH. The hZAC cDNA probe revealed recurrent single and double spots on human chromosome 6 (band 6q25); of 30 metaphases, 70% exhibited at least one spot in this position ( Fig. 2A) . cDNA and genomic mZac probes exhibited recurrent spots on mouse chromosome 10 (band 10A 2 ); of 25 metaphases, 50% showed recurrent simple and double spots in this position with the cDNA probe and 60% with the genomic probe, with low background (Fig. 2 A) . The mouse genomic probe revealed recurrent single spots on human chromosome 6 band 6q25 with the rate of 20% with low background (not shown). Because mouse 10A 2 and human 6q25 loci are syntenic (24) and the mouse probe displayed the same spots as the human probe on human 6q25, mZac and hZAC were either orthologs or related genes clustered in syntenic regions.
To further confirm mZac and hZAC were orthologs, we carried out Southern blots of digested human and mouse genomic DNAs. Probes derived from the ZF domains of mZac and hZAC hybridized to bands of exactly the same size in both human and mouse DNA (Fig. 2B) , indicating that both mZac and hZAC probes recognized only one gene in both species.
hZAC Expression in Human Tissues. hZAC mRNA distribution was determined by using a human RNA blot. hZAC was widely expressed in both adult and fetal tissues (Fig. 3) . The strongest levels of expression were observed in the pituitary gland, kidney, placenta, and adrenal gland. Uterus, mammary Human (H) and mouse (M) genomic DNAs were digested with the indicated restriction enzymes, fractionated on a 1% agarose gel, and blotted. The blot was first probed with a radioactive mZac fragment and autoradiographed. Then, the membrane was stripped, and the blot was rehybridized with a hZAC probe and autoradiographed. The same data were obtained with another set of enzymes including NcoI, SacII, SacI, and PstI (not shown).
FIG. 3. Human tissue distribution of hZAC.
A human RNA blot was hybridized with a hZAC probe and the signal intensity for each dot was measured by using a storage phosphor imaging system (Bio-Rad). In addition, hZAC was weakly expressed in adult peripheric leucocytes, spinal cord, liver, skeletal muscle, and whole brain (less than 150 units). hZAC was expressed in different brain areas: mainly in the occipital lobe, thalamus, and cerebral cortex (100-150 units), in other areas (amygdala, caudate, cerebellum, frontal lobe, hippocampus, medulla oblongata, putamen, substantia nigra, temporal lobe, and subthalamic nuclei) the signals were very weak (Ͻ100 units).
gland, ovary, lung, gastrointestinal tract, and lymphoid tissues also revealed strong hybridization signals. Skeletal muscle, peripheral leucocytes, liver, whole brain, and spinal cord weakly expressed hZAC. In adult brain, the strongest signals were observed in the occipital lobe, cerebral cortex, and thalamus (see legend of Fig. 3) .
hZAC Intracellular Localization, Transactivation, and DNA Binding. We determined the intracellular localization of hZAC by immunocytochemistry. The nuclei of SaOs-2 cells expressing hZAC were strongly labeled (Fig. 4A) . We did not detect any signal in mock-transfected or nonpermeabilized cells (not shown).
We attempted to demonstrate that hZAC is a DNA-binding protein by using a random oligonucleotide selection assay. After screening a random oligonucleotide library, 24 clones were sequenced, of which 13 could be aligned with the consensus motif depicted in Fig. 4B . An oligonucleotide with the consensus sequence then was synthetized and tested in an electrophoretic mobility shift assay. As shown in Fig. 4C , the hZAC ZF domain (GST-hZAC-ZF) was able to shift the oligonucleotide corresponding to the consensus. Conversely, a mutant oligonucleotide harboring a double mutation at the center of the consensus was only very weakly shifted. In competition experiments, preincubation of GST-hZAC-ZF Consensus nucleotide sequence for hZAC DNA-binding site. This consensus is derived from the alignment of 13 oligonucleotides selected after screening of a random oligonucleotide library. The frequency of the specific base(s) at each position is indicated. (C) Sequence-specific DNA-binding of GST-hZAC-ZF. An electrophoretic mobility-shift assay was performed. GST-hZAC-ZF (100 ng) was allowed to bind to 40,000 cpm of 32 P-labeled double-stranded oligonucleotide containing the consensus binding sequence (GGGGGGCCCC; lane 2) or a mutated sequence where the two most conserved bases at the center of the consensus have been mutated (indicated in bold: GGGGGCGCCC; lane 4). Lanes 1 and 3 represent the control electromobilities of both oligonucleotides in the absence of GST-hZAC-ZF. For competition experiments, GSThZAC-ZF was preincubated with the indicated competitors: consensus (cons.) or mutated consensus (mut.) oligonucleotide and then allowed to bind to the radio-labeled consensus site. Each competitor was added in molar excess of 1-, 10-,100-, and 1,000-fold in lanes 5 and 8, 6 and 9, 7 and 10, and 11, respectively. (1998) with increasing concentrations of the nonlabeled consensus oligonucleotide greatly inhibited the shift of the consensus oligonucleotide. In contrast, preincubation with the mutant oligonucleotide did not (Fig. 4C) . We then asked whether hZAC was capable of transactivation activity like many ZF proteins and p53. To this purpose, we measured the transcriptional activation of the luciferase reporter gene, driven by a minimal promoter sensitive to the yeast transcription factor GAL4, after transfection of plasmids encoding hZAC fused to the GAL4 DNA-binding domain. Transfection of increasing amounts of the fusion constructs containing hZAC induced a stepwise increase of the luciferase activity (Fig. 4D) . The GAL4 DNA-binding domain (GAL1-147) alone was devoid of any transactivation activity (Fig. 4D) . Fusions of the GAL4 DNA-binding domain with the well characterized transactivation domains of the transcription factors SP1 and CTF (15) served as positive controls (Fig. 4D) .
In conclusion, hZAC is a nuclear protein displaying transcriptional activity and DNA binding, indicative of a likely role as a transcription factor.
Expression of hZAC Inhibited the Growth of Tumor Cells. Twenty-four hours after transfection of hZAC, we observed a reduced number of cells, compared with mock transfected cells (data not shown). Furthermore, after hZAC transfection, a substantial number of cells displayed signs of lost viability such as cellular shrinkage, blebbing, and condensed chromatin (not shown), as it was previously noted for p53 and mZac (9, 25) . We then tested whether hZAC had the same antiproliferative properties as its mouse counterpart. To evaluate the effect of long-term expression of hZAC on tumor cell proliferation, we carried out a colony formation assay. mZac or p53 strongly decreased the number of puromycin-resistant colonies (Fig. 5) , whereas the antisense constructs had no effect. hZAC also inhibited cell growth although less strongly (Fig. 5) . When either hZAC, mZac, or p53 was expressed, the puromycinresistant clones were smaller than in the control experiments (not shown).
hZAC Expression Induced a G 1 Arrest. mZac, like p53, inhibits tumor cell growth through induction of apoptosis and cell cycle arrest (9) . We asked whether hZAC retrieved the same mechanisms for the control of cell proliferation. Accordingly, we first investigated the cell cycle progression of SaOs-2 cells on transient expression of hZAC.
hZAC induced a G 1 arrest with an increased proportion of cells in G 0 -G 1 and a decreased proportion of cells in S and G 2 -M (Fig. 6A) . mZac induced a G 1 block (Fig. 6A) . p53-transiently transfected SaOs-2 cells were strongly arrested in G 1 (Fig. 6A) as previously reported at this time point (26) . mZac, hZAC, and p53 expression levels were evaluated by Western blots performed with the same anti-HA antibody. p53 and mZac reached comparable high levels of expression (Fig.  6B) . Transfection of higher amounts of plasmid was required to detect hZAC (Fig. 6B) . However, even nondetectable levels of hZAC could induce a G 1 arrest (see pRK-hZAC 125 and 250 ng, Fig. 6 A and B) .
hZAC Expression Induced Apoptosis. We investigated apoptosis by measuring genomic DNA laddering. Mock (Fig. 7,  lane 1) or control (pRK5-CAT) transfected cells (Fig. 7, lane  2) did not show any sign of apoptosis. mZac (Fig. 7, lanes 3-5) and p53 (Fig. 7, lane 9 ) induced apoptosis as previously described (9, 25) . hZAC expression also induced apoptosis of SaOs-2 transfected cells (Fig. 7, lanes 6-8) .
DISCUSSION
We previously reported the isolation of mZac, a novel mouse gene with antiproliferative properties, which is the only gene so far unrelated to p53 able to control both apoptosis and cell cycle progression (9) . In view of these properties, we hypothetized that mZac fullfiled the role of a TSG. To further address this issue, we isolated its human homolog and determined its functional properties.
We cloned hZAC from a pituitary and a brain library. Despite clear differences in mZac and hZAC primary structures (see below), we showed that both genes were indeed orthologs as indicated by Southern blot experiments and their mapping on syntenic regions, i.e., human 6q25 and mouse 10A2.
During the course of this study, the cloning of rat Lot1 and of its presumed human ortholog, hLOT1, identical to hZAC, was reported (19, 20) (see below). The products of the mouse and human genes we cloned were more divergent than what could be expected for orthologs. Indeed, two domains of mZac were absent in hZAC: the Pro repeats (also missing in the rat sequence) and the Glu clusters (present in the rat sequence). These differences could not be explained by an alternative splicing because there is no intron in the mouse gene at the expected positions (data not shown). Furthermore, we failed to detect the Pro repeats in human genomic DNA, and the Glu clusters were not detected (20) . Hence we can conclude that evolutionary selection either eliminated these sequences in the human or added these sequences in the mouse genome.
Looking for other genes related to ZAC, we identified two partial cDNAs, whose full length or uncomplete sequences have been recently published: hPLAG1 and hKIAA0198. Together with ZAC, they now define a family of proteins with ZF of the C2H2 type, possibly involved in tumorigenesis: PLAG1 is a putative oncogene that supposedly contributes to pleimorphic adenomas (21, 22) , ZAC is a tumor suppressor candidate (see below), and the function of KIAA0198 is still unknown (23) .
We characterized hZAC's in vitro functional properties. First, we have shown that hZAC is a nuclear ZF protein that reveals transactivation and DNA-binding activity; these data are compatible with a transcription factor function. A GC-rich specific ZAC DNA-binding site was identified. GC-rich DNAbinding sites are common among ZF proteins, especially within the Krüppel family, to which ZAC family is the most related (27, 28) .
As mZac and hZAC primary structures were more divergent than usually expected for orthologs, we addressed whether FIG. 7 . hZAC induces apoptotic cell death. DNA laddering. SaOs-2 cells were transfected with different quantities of vector pRK5 plasmid (1,500 ng, lane 1) or encoding chloramphenicol acetyltransferase (1,500 ng, lane 2), mZac (50, 150, and 500 ng, for lanes 3-5, respectively), hZAC (500, 1,000, and 1,500 ng, for lanes 6-8, respectively), or p53 (100 ng, lane 9). This experiment is representative of three independent experiments. both proteins share related antiproliferative properties. Importantly, like mZac and p53, hZAC was also able to inhibit tumor cell growth through induction of both apoptosis and G 1 arrest. Consequently, hZAC regulates both pathways known to be central to the activity of the TSG p53 (10) .
We have localized hZAC on chromosome 6 band 6q25 by FISH. These data confirmed the FISH mapping of hLOT1, which was recently published (20) . According to the human genome map (29, 30) , hLOT1 (hZAC) was located between markers D6S308 and D6S978 at 6q24. Chromosome 6 is the fourth most frequently rearranged chromosome in human tumors (31) . Allelic loss at 6q24 has been reported in B-cell non-Hodgkin's lymphomas (32) and many solid tumors such as gastric carcinomas (33) , pancreatic adenocarcinomas (34), renal cell carcinomas (35) , astrocytomas (36) , melanomas (37) , ovarian carciomas (38) , and breast cancers (39) (40) (41) . Moreover, a frequently deleted region at 6q24 defined by D6S292-D6S310-D6S311 around the hZAC locus has been identified in breast carcinomas (40) .
Our data have been strengthened by a study recently published by Abdollahi et al. (19) who cloned Zac through its loss of expression in a rat model of epithelial ovary cancer and thus named it Lot1 for ''lost on transformation.'' They further isolated a human cDNA, identical to hZAC, which they called hLOT1, and showed that hLOT1 (hZAC) expression was also lost in some human ovary cancer cell lines (20) .
In conclusion, we have characterized the in vitro antiproliferative activity of hZAC, a widely expressed ZF protein with properties compatible with a transcription factor function. hZAC is the only human gene so far unrelated to p53 able to regulate both apoptosis and cell cycle progression. Because these pathways are known to be central to the activity of the TSG p53 (10) and hZAC maps to 6q24-q25, a chromosomal region frequently lost in human tumors, we propose that hZAC is a TSG candidate.
